Methods are presented for the improved yield and analysis of bluntended cloning of PCR-generated DNA fragments. We show that Pfu DNA polymerase polishing of Taq DNA polymerase-generated fragments increases the yield and efficiency of cloning. Using a triple primer set consisting of two outside, asymmetrically distanced primers and one fragment-specific primer, both the presence and orientation of cloned inserts can be determined. Application of these methods allows the generation and cloning of a fragment in 1 day and the analysis of putative clones the next, thereby saving a substantial amount of both time and effort.
Methods are presented for the improved yield and analysis of bluntended cloning of PCR-generated DNA fragments. We show that Pfu DNA polymerase polishing of Taq DNA polymerase-generated fragments increases the yield and efficiency of cloning. Using a triple primer set consisting of two outside, asymmetrically distanced primers and one fragment-specific primer, both the presence and orientation of cloned inserts can be determined. Application of these methods allows the generation and cloning of a fragment in 1 day and the analysis of putative clones the next, thereby saving a substantial amount of both time and effort.
Five basic methods are available for the routine cloning of PCR-generated DNA fragments (Figs. 1 and 2). These include the incorporation of restriction enzyme sites into deoxyoligonucleotide primers; (1) T/A cloning, which relies on the terminal deoxynucleotide transferase activity of some of the polymerases used in PCR; r uracil DNA-glycosylase (UDG) treatment of uracil-containing deoxyoligonucleotide primers; (4's) ligase-independent cloning (LIC), which uses the 3' ~ 5' proofreading activity of some polymerases; (~) and blunt-ended cloning. (7) Restriction enzyme site incorporation is probably the most widely used method for cloning PCR fragments but also one of the most problematic. The main advantage of this method is that the fragment can be cloned into a vector construct at precisely the place it is desired. Any site not contained within the fragment itself can be incorporated into the primer design. Cloned insert directionality is made possible through the presence of different restriction target sites on each primer.
There are, however, two major drawbacks with this method. The first is that extra bases, which result in additional expense, must be included in the design of the primers. This is because most restriction enzymes need a stretch of DNA that is longer than their target sequence to bind to and cleave the DNA. For example, the restriction enzyme NotI needs at least 10 bases of double-stranded DNA, (5'-NNGCGGCCGCNN-3') to restrict at its recognition site (S'-GCGGCCGC-3'). To achieve efficient cleavage, it is recommended that three G/C base pairs be added 5' to the incorporated restriction target site in the primer to act as an annealing clamp. Tests to determine the parameters associated with efficient restriction digestion either require radioactivity or are cumbersome to perform. In most cases, until clones are analyzed by DNA sequence analysis it cannot be ascertained whether the method has worked. The second drawback to restriction enzyme site incorporation is the inability to achieve efficient cleavage. Inhibition of digestion can occur because of the presence of incompatible polymerase buffers and a molar excess of primers left over from the PCR reaction. Some restriction enzymes are inhibited by the half-sites found on primers. Therefore, a cleanup step is often needed to remove contaminating antagonists. Some reports in the literature also suggest that a proteinase K and phenol/chloroform extraction may be required for some restriction enzymes. ~8)
The T/A cloning methods were developed from an observation by Clark et al. (9' 1~ that some DNA polymerases and reverse transcriptases contain a terminal deoxynucleotidyl transferase (TdT) activity that results in the addition of one or more nucleotides at the 3' ends of blunt-ended DNA molecules. Hu ~ll) extended these studies to show that the 3'-end nucleotide extension by DNA polymerases is both nucleotide and polymerase specific. For example, Taq DNA polymerase extends a single G nucleotide if the 3' nucleotide on the fragment is a G but adds an A if the 3' nucleotide is a C. A 3' T nucleotide results in the nonaddition of a T and an addition of an A. Fragments that end with an A had an additional A added to the 3' ends with extremely low efficiency. Of the examined polymerases that were found to have the TdT activity (T7, modified T7, Taq, Vent, Klenow, and Escherichia coli Pol I polymerases), there ap- pears to be no consistent patterns for which bases were added. Therefore, it cannot be assumed that all DNA polymerases create blunt-ended fragments. Fortunately, T4 and Pfu DNA polymerases were found not exhibit any DNA extendase or TdT activity and can be used to create blunt-ended fragments.
In the T/A method, a plasmid vector is prepared such that a single T residue is extended at the 3' ends. The vector can be enzymatically processed using (1) a pair of inverted restriction enzyme sites (XcrnI, HphI) to leave single 3' overhangs, (2) TdT and a dideoxythymidine triphosphate (ddTTP), (3) modified T7 DNA polymerase, dTTP, and a linearized vector, or (4) DNA ligase and linkers. The prepared vector is then added to a ligation solution containing appropriate buffers and a dilution of the PCR fragment. No post-PCR purification or additional bases are needed because this method is based on the assumption that a portion of the PCR-generated fragments will contain 3'-end adenosine residues created by the DNA polymerase. Extended ligation times are necessary for T/A cloning because of the inefficiency of T4 DNA ligase to act on single-base 3' overhangs.
Because of the extendase activity associated with the DNA polymerases used in thermal amplification, care must be exercised when designing the 5' ends of PCR primers for the T/A cloning method to ensure that the optimal base is retained at the 3' end for the particular fragment-generating polymerase used. The T/A cloning method will not be useful with the newer proofreading and blunt end-generating DNA polymerases that are gaining more widespread acceptance for PCR. At present, the T/A methods have been developed solely as a bidirectional cloning method.
The UDG and LIC methods create extended (12-base) overhangs in the PCR fragment using uracil DNA glycosylase (in the UDG method) to create 3' overhangs, and the proofreading activity of a DNA polymerase (generally T4 DNA polymerase, in the LIC method) to create 5' overhangs. These overhangs can then be used to anneal to c o m p l e m e n t a r y overhangs created in modified plasmid vectors created in a similar manner. The advantages to these methods are the high efficiencies and yields obtained in cloning. The main disadvantages are the difficulty in vector preparation that necessitates the use of specialized vectors and the added expense of 24 extra bases to the PCR primer set, which can increase the cost of PCR cloning by i>30%. Also, the 12-base single-stranded ends are extremely sensitive to singlestranded nucleases. Bidirectional and directional methods are available for both LIC and UDG methods, although it is generally better to use n o n c o m p l e m e ntary ends on the vector (in the direc- tional procedures) to prevent high background attributable to n o n r e c o m b i n a n t vector reannealing. Although speed of the process as a result of the absence of a ligation step is often cited as an advantage of the LIC and UDG methods, in truth the reactions require an annealing step; so these methods take about the same amount of time as the blunt-ended cloning procedures described below.
Blunt-ended cloning procedures capture blunted PCR fragments for bidirectional insertion. As with the T/A system, blunt-ended cloning does not require the addition of extra bases to the primer sets, thereby allowing preexisting primers to be used to generate and clone a DNA fragment. Cloning efficiencies of polymerase-generated PCR products can be increased by using T4 or Pfu DNA polymerase to polish or complete unfinished fragments as well as remove any added extended nucleotides. In general, T4 DNA ligase concentrations can be optimized to achieve >70% completion of clonal insertion in 1-2 hr at room temperature.
Unfortunately, blunt-ended cloning is an inefficient method, with recombinant insertion generally accounting for ~10% of all transformants. ~12~ To alleviate this drawback, phenotypic selection [e.g., disruption of the [~-galactosidase ([3-Gal) gene] is often used to detect recombinants (white colonies on X-galcontaining agar plates) from nonrecombinants (blue colonies on the above plating medium). Further increases in efficiency are achieved by the inclusion of a restriction enzyme in the ligation reaction.
The remaining portion of this paper describes methods that we have developed and invented to increase the cloning efficiency and facilitate both directional and bidirectional cloning of blunt-ended DNA fragments.
MATERIAL AND METHODS

Materials
Taq DNA polymerase was purchased from Perkin-Elmer Cetus. All other reagents, including Pfu, and Klenow polymerases, T4 DNA ligase, Srfl restriction endonuclease, reaction buffers, rATP, dNTP, X-gal, and IPTG mixtures were obtained from Stratagene (La Jolla, CA). Polydeoxynucleotide primers were synthesized at Stratagene on an Applied Biosystems 380 oligonucleotide synthesizer.
Competent E. coli XL1 Blue MRF' Kan and SURE cells were obtained from Stratagene and used according to supplied protocols. Culture m e d i u m used was 2 x YT with added antibiotic (either chloramphenicol, 30 pLg/ml; or ampicillin/ methicillin at 80/20 i~g/ml). Plating medium contained an additional 0.75% agar. Colonies were scored for 13-gal phenotype on LB plates containing 40 ~g/ml of X-gal and 0.5 mM IPTG.
PCR Primer Design
For the bidirectional PCR cloning experiments four sets (A, C, G, and T) of 23-mer oligonucleotides to the chloramphenicol gene from pBC SK(+) were synthesized: (1) 
PCR
A typical PCR contained (per 100 txl) 1 ~g of each primer, 250 nM each dNTP, 10-100 ng of template DNA, l x reaction buffer, and 4 units of Taq DNA polymerase. For colony PCR, a final volume of 1% Tween 20 was added to the reaction mixture. PCR cycling conditions consisted of a single cycle hot start of 4 min at 94~ 2 min at 50~ and 2 min at 72~ followed by 30 cycles of 1 min at 94~ 2 min at 54~ and 1 min at 72~ The reactions were then incubated for an additional 10 min at 72~ before placement at 6~ For most experiments the PCR fragments were used without any further post-PCR production purification. In experiments where purification was desired or necessary, the DNA was salted out of solution with 10% volumeadded lithium chloride (1 M final concentration from a 10 M LiCl stock) and 2.5 volumes ice-cold absolute ethanol. The DNA was pelleted at 14,000g for 10 min, dried in vacuo, and resuspended in TE buffer [5 mM Tris (pH 7.5), 0.1 mM EDTA].
Colony PCR
Colony PCR was performed directly from transformation plates by stabbing a single colony with a toothpick, inoculating the adhered cells directly into a PCR cocktail containing 1% Tween 20, and using the cycling parameters described in the previous section.
End-polishing Reactions
Precipitated PCR-generated fragments were adjusted to 1 ~g/p.l in 1 • buffer (either Klenow, T4, or Pfu buffer), 100 nM dNTP, and 5 units of polymerase enzyme. Reactions were incubated for 30 min at 37~ for T7 and Klenow DNA polymerases, and 72~ for Pfu DNA polymerase.
Ligation Reactions and E. coil Transformations
Ligations were performed at room temperature by incubating, in a lO-lxl reaction solution, 2 ixl of the PCR reaction, 0.5 mM (final) rATP, 1 ~1 of lOx universal buffer, 10 ng of predigested vector, 4 units of T4 DNA ligase, and, when specified, />15 units of Srfl restriction endonuclease.
Bacterial E. coli were transformed according to the Stratagene protocols supplied with the supercompetent cells (XL1 Blue MRF' Kan).
RESULTS AND DISCUSSION
Blunt-ended and pCR-Script Cloning
Blunt-ended PCR cloning is most easily achieved by incubating an aliquot of the PCR fragment in the presence of predigested vector DNA in a solution containing the components needed for ligation (buffers, rATP, and enzyme; see Fig. 2) . After a suitable incubation period, the ligation reaction is transformed into the appropriate cell line and subsequently analyzed for the presence of the insert. The plasmid pCR-Script Direct is digested with the restriction enzyme SrtI , treated with alkaline phosphatase to remove the 5'-phosphate groups, and digested with the restriction endonuclease SmaI. Ethanol precipitation was used to remove the small (15-bp) linker. The insert fragment was created using either a machine-synthesized 5'-phosphorylated or kinase-treated primer. The monophosphorylated primer and vector are incubated in the presence of both Sr/1 and T4 DNA ligase. After room temperature incubation, the DNA was used to transform E. coll.
Because b l u n t -e n d ligation is inefficient, most of the t r a n s f o r m e d cells will contain vector DNA that has self-ligated. In u n o p t i m i z e d cloning procedures, this self-ligation represents > 9 0 % of the total colonies (see Table 1 ). Therefore, in actual practice, a p h e n o t y p i c selection is often used to aid in detecting transform a n t s with the desired inserts. This selection is usually disruption of the ~-gal gene w h i c h can be m o n i t o r e d o n plating m e d i u m c o n t a i n i n g the c h r o m o g e n i c substrate X-gal.
To increase the efficiency of bluntended cloning of PCR fragments, Liu and Schwartz ~13> f o u n d that a restriction enzyme added in a f u n c t i o n a l -u n i t excess relative to the ligase e n z y m e increases the efficiency of the ligation reaction. This simultaneous restriction digestion and ligation reaction results in an increased efficiency of b l u n t -e n d e d cloning by two m e c h a n i s m s . Primarily, as long as the PCR fragments do not create a restriction e n z y m e target site, the available linearized vector is removed from the overall reaction by r e c o m b i n a n t insertion and an increased a m o u n t of linear vector is made available during the ligation reaction by restriction e n z y m e activity on self-ligated vector molecules. Second, because linear DNA molecules transform E. coli at a greatly reduced efficiency, t h e y do not contribute to the n u m b e r of colonies observed after transformation. This results in a reduced overall t r a n s f o r m a t i o n efficiency, but because o n l y the linearized, n o n r e c o mb i n a n t plasmids are removed, the overall r e c o m b i n a n t efficiency actually increases, allowing higher densities of cells to be plated.
In the pCR-Script m e t h o d s that we have developed, we c o n c e n t r a t e d o n the restriction e n z y m e Srfl for several reasons (14) (see Fig. 2 ). First, it has an octanucleotide r e c o g n i t i o n sequence (5'-GC-CCGGGC-3') that is rare a n d w o u l d occur o n average 1/65,000 bp (because of the bias against CpG sequences in m a mm a l i a n DNA, the actual occurrence is closer to 1/100,000 bp). Second, it is b l u n t -e n d e d and contains an i n t e r n a l 6-base r e c o g n i t i o n site that can be recognized by a n o t h e r b l u n t -e n d e d restriction e n z y m e (Sinai). This second reason will be more i m p o r t a n t for directional cloning as discussed below.
As s h o w n in Table 1 
Effect of Polishing on Cloning Efficiency
Depending o n the polymerase used to generate the PCR fragment, there m i g h t be a need for " e n d p o l i s h i n g " to b l u n t the ends of the molecules that have been +Directionality FIGURE 4 Recombinant insert analysis. Schematic representation of PCR products generated using colony PCR to screen for recombinant clones. Verification of a cloned insert is achieved when PCR products using asymmetrically distanced primers (P1 and P2) are analyzed by gel electrophoresis. In a representative experiment where a 1.2-kb insert is cloned into a plasmid DNA, recombinant colonies are picked directly from transformation plates and inoculated into PCR cocktails. Following thermal cycling, agarose gel analysis will yield PCR products indicative of insert presence and orientation. (A) Nonrecombinants that do not contain a cloned insert will exhibit a 1.5-kb PCR product; and (B) recombinants containing the 1.2-kb insert will exhibit a 2.7-kb PCR product. When PCR-generated fragments are used for cloning, directionality of the cloned insert can be achieved by adding a primer (P3) that was used to generate the cloned insert to the colony PCR cocktail. Recombinants will contain inserts that have been cloned in bidirectionally, and use of a third primer in the reaction mixture will confirm the orientation of the cloned fragment (orientation A or B). An example of recombinant screening of clones with a 1.2-kb insert by PCR in the presence of a third primer will reveal orientation of the cloned insert upon gel electrophoresis with either a (C) 2.2-kb or (D) 1.7-kb PCR products. hinders the c l o n i n g efficiencies. PCR products of the c h l o r a m p h e n i c o l gene c o n t a i n i n g 3' pairs of either A, C, G, or T nucleotides were generated with Taq DNA polymerase. Subsequently, the PCR products were treated with Klenow, T4, or Pfu DNA polymerase to d e t e r m i n e w h a t effect p o l i s h i n g had o n clonal efficiency. Appropriately, control reactions of u n p o l i s h e d (untreated) Taq-generated PCR products were used. The u n t r e a t e d and polished fragments were added to ligation reactions c o n t a i n i n g 10 ng of vector, Srfl, T4 DNA ligase, rATP, a n d buffer. The results are s h o w n in Table 2 and d e m o n s t r a t e that in specific cases polishing can increase overall recombin a n t c l o n i n g efficiencies.
Monophosphorylation and pCR-Script Direct Cloning
The m e t h o d s described above result in bidirectional c l o n i n g of PCR fragments.
To create a directional m e t h o d t h a t did n o t require the a d d i t i o n of extra bases to the primers, we relied o n two facts k n o w n from previous e x p e r i m e n t a t i o n . First, T4 DNA ligase requires a 5' phos-FIGURE 6 Vectors for bidirectional and directional cloning of PCR fragments. Several vectors have been developed for directional and bidirectional cloning. These include derivatives that encode either chloramphenicol or ampicillin resistance with modified multiple cloning sites optimized for specific cloning operations (e.g., general subcloning or protein expression).
phate and a 3' hydroxyl group to efficiently ligate two strands of DNA together. Second, linear DNA transforms recBC-proficient hosts of E. coli at a greatly reduced efficiency (it is decreased by approximately four orders of magnitude). It was reasoned that directional cloning would be achieved if a monophosphorylated vector and a monophosphorylated insert were created. In the desired orientation, the ligation would then result in a nicked, circular, highly transformable molecule; and in the undesired, opposite orientation the ligation reaction would result in a linear molecule transformed with a drastically reduced efficiency.
Creation of a monophosphorylated vector can be achieved in several ways. We chose to enzymatically process a multiple cloning site (MCS) that was engineered to contain both a Srfl and a Sinai site. (16) Digestion of this vector first with SrfI, dephosphorylation with alkaline phosphatase, and finally digestion with SmaI, resulted in the desired monophosphorylated vector (see Fig. 3 ). In the design of the MCS, we included a 3' C and 5' T at the SmaI site. The result is a SmaI site (5'-TCCCGGGC-3') containing a 3' SrfI half-site (5'-GGGC-3'). Because of this sequence, the enzymatically processed vector can be used in a pCR-Script type reaction whereby self-ligated vector is susceptible to restriction by the Srfl endonuclease present in the ligation reaction (see Fig. 3 ).
Insert m o n o p h o s p h o r y l a t i o n can be achieved by kinase-treating one primer prior to the PCR reaction or, preferably, by synthesizing a PCR primer with a 5' phosphate group chemically attached. (lz)
The actual PCR cloning with directionality occurs in a reaction identical to that described for pCR-Script. The results are shown in Table 1 . Using pCR-Script Direct cloning, >90% of the 13-gal-colonies contained the correct insert and >90% of the cloned fragments were found to be cloned in the desired orientation. This is in contrast to the bidirectional method, where the fragments are cloned in both orientations at approximately the same frequency (see Table 1 ).
Regarding the sensitivity of the pCRScript cloning methods for the presence of any contaminating nucleases, removal of any base at the cloning site by a nuclease will result in the loss of the restriction target site. Religation by the DNA ligase will result in a transformable circular molecule that is resistant to Srr This false-positive molecule will be frameshifted, resulting in a nonfunctional f3-gal gene, and will appear white on an X-gal-containing plate. Therefore, it is essential that the materials and enzymes used in both creating the monophosphorylated vector and in the ligation reaction be absolutely free of nuclease activity. For this reason we have found it necessary to either clone or repurify the enzymes used to generate the vector to ensure nuclease-free reagents. ( 1 s)
Recombinant Insert Analysis: Presence and Orientation
Recombinant insert analysis of colonies resulting from transformed cells can be easily performed in 1 day using colony PCR. (18) In this method primers flanking the insert can be used in a PCR containing a colony taken directly from the transformation plate. By using asymmetrically distanced primers, it is possible to discern both insert presence and orientation from the resulting PCR products following agarose gel analysis (see Fig.  4 ). Insert orientation can be determined by a restriction enzyme digestion of the PCR product and an a priori estimate to predict restriction fragment sizes. Alternatively, one can use a triple primer set containing the two asymmetric primers and an additional primer representing one from the primer set used to generate the original fragment. Agarose gel analysis of a PCR using such a triple primer set confirms both the presence and the orientation of the cloned insert without the need for further restriction enzyme digestion (see Fig. 5 ).
Alternatively, one could conduct routine plasmid DNA isolation after overnight incubation and determine both insert size and orientation following restriction enzyme digestion and agarose gel analysis.
Vectors and Multiple Cloning Site Design
Several vectors and derivatives have been created for PCR cloning. These include the standard pBluescript-type multiple cloning sites (pCR-Script Amp and pCR-Script Cam) and the abbreviated MCSs contained in the pCR-Script Direct plasmids ~19'2~ (see Fig. 6 ). The abbreviated MCSs allow the end user to incorporate common restriction enzyme sites into their PCR primer sets without the problem of having the same target sequence occurring in the plasmid vector.
We have observed that DNA sequences containing long G/C-rich regions are susceptible to point deletions that can destroy enzyme recognition sites and will appear as white (false-positive) transformant colonies. Such point mutations have been observed and have resulted in the elimination of the Srfl site within G/C-rich multiple cloning sites. Following DNA sequence analysis, it was found that these clones usually arise by the deletion of a single base at the Srfl site that is most likely attributable to either nuclease contamination during vector processing or spontaneous mutation during plasmid replication. The necessity of using highly purified enzymes for performing the directional and bidirectional cloning protocols as described cannot be overstated. Nuclease contamination must be determined and eliminated prior to performing the described experiments.
A high concentration of spontanteous single-point mutations in the plasmid DNA used for pCR-Script and pCR-Script Direct is reduced by independent growth and isolation of a number of plasmid DNA preparations. The E. coli SUREgrown plasmid preparation with the lowest level of spontaneous Srfl site mutations (as detected by the pCR-Script assay) is chosen for further experiments. We are currently investigating the use of frameshifted double restriction sites that would allow less purified enzymes to function in pCR-Script and pCR-Script Direct-type reactions.
We have made both ampicillin and chloramphenicol derivatives of the pCRScript and pCR-Script Direct vectors (see Fig. 6 ). It is recommended that the chloramphenicol derivatives be used when subcloning DNA fragments generated from ampicillin-resistance-encoding plasmids. This ensures that recombinant colonies after E. coli transformation are not the result of parental plasmid transformation.
